Composition of the applied shielding gas has a strong influence on physical properties of the plasma and parameters of the welding process. In particular, increase of the percentage of carbon dioxide in argon results in an increase of the transition current value while changing from the globular to spray mode of metal transfer during the welding process. In order to explain this phenomenon, the MIG/MAG welding arc plasma was investigated for different mixtures of argon and carbon dioxide in the shielding gas. Applying a fast camera, recording distribution of spectral lines of the plasma components, we noticed some phenomena not described yet in the literature. Especially, there is a limit in the percentage of relative concentration CO2/Ar beyond which the arc shape is significantly modified.
Introduction
In the Gas Metal Arc Welding (GMAW) processes an arc discharge between a consumable solid metal electrode and a weld pool is used. The wire-electrode, the liquid metal transferring inside the arc and the weld pool are protected against air by a shielding gas flux: an inert gas in the case of the MIG (Metal Inert Gas) welding or a chemically active one in the case of the MAG (Metal Active Gas) process. These welding methods are used in all sectors of activity to join all grades of metal (ferrous and nonferrous). The schematic description of the welding torch is presented in Figure 1 .
The most frequently used gases or gas mixtures are argon or/and helium in MIG welding and various mixtures of these gases with CO 2 , H 2 , O 2 , N 2 in MAG welding. The MIG-MAG welding is usually performed with the melting electrode used as an anode, what assures better arc stability.
The wire electrode melting and the metal transfer in the arc can take place in three fundamental ways (modes) [1, 2] : short-circuit transfer ("short-arc"), transfer by large drops ("globular transfer") and axial spray transfer ("spray-arc"). The mode of the transfer depends on shielding gas type, dimension and composition of the electrode wire, electrode extension, wire feed speed, arc voltage and current. These three modes are characterized by different arc stability, weld penetration, spatter of the melted metal, gas consumption and quantity of fume. Each of these modes has different applications, operating conditions and welding quality:
• In the "short-arc" transfer, metal is deposited by series of short circuit resulting from regular contact between the electrode and weld pool (see Fig. 2a ). This type of transfer occurs for low current intensity and relatively low arc voltage. After arc ignition, the tip of wire is being melt due to the resistance heating, and leads to the droplet formation. For these conditions, the electrode melting rate is not sufficient for the droplet detachment, and so melted metal is transferred from the wire to the workpiece during the contact period. Due to the relatively small heat transfer, short-circuit gas metal arc welding is used to weld thin metal plates in all positions.
• As the welding current is increased and the arc voltage becomes greater than in short-circuit mode, the melting rate rises and becomes fast enough to allow formation of large droplets (see Fig. 2b ). Then the pendant droplet size exceeds the electrode diameter and one observes metal transfer by large droplets ("globular transfer"). The electromagnetic force, gravity and other forces lead to drop detachment without contact between electrodes at a frequency of only a few hertz. In general, globular transfer mode is difficult to use in practice because it is unstable and accompanied by high weld spatter generation.
• A gradual increase of the current intensity and arc voltage accelerates the melting rate of the wire electrode and subsequent transition to the axial spray transfer mode ("spray-arc") is observed. Then, the droplets have a diameter smaller than the wire's and a tapering tip forms at the end of the electrode (see Fig. 2c ).
When the arc current exceeds a given limit (transition current), the frequency of the droplet detachment increases sharply to values over 100 Hz. This mode provides maximum arc stability and minimum spatter.
Shielding gas effect
The type of shielding gas has a major importance in the welding process. Good detachment of the formed droplets, and their correct transfer to the cathode, are significant for the quality of welding. This phenomenon depends on the properties and composition of the plasma in the near electrode zone. In particular, the gradient of voltage at a given arc current, and thus the power injected from plasma to the electrode, strongly depend on gas used. The metal transfer mode is also affected by chemical activity of the shielding gas. Argon is the basic gas for MIG welding, but admixtures of oxidizing elements modify the stability of arc. The behavior of the pendant droplet is determined by the current density distribution on its surface, what decides about the magnitude and sign of the induced electromagnetic force reacting on the droplet. This Lorentz force can act either as a force of detachment (if current lines diverge) or as a force attaching the droplet to the wire electrode (if current lines converge) [3, 4] . In the latter case, a repelled metal transfer was observed during welding process using CO 2 as shielding gas [5] . Calculations made by Haidar [7] indicate that depending on welding conditions, the axial component of the electromagnetic force can assume this double function. Its radial component is the dominant detaching force, and directly determines the transition from the globular to the spray transfer mode.
Rhee [8] studied modifications of the droplet diameter and droplet transfer frequency for various compositions of the shielding gas. Changing CO 2 /Ar ratio in the shielding gas, they measured the transition current from globular to spray transfer mode. In general the higher quantity of CO 2 , the higher transfer current is observed, until the mode of spray transfer becomes unrealizable. There are different explanations of the observed phenomenon, in particular:
• As a result of increased O 2 concentration and oxidation of the electrode surface much higher than under pure argon, amount of alloying elements vapors increases what decreases the rate of the droplets formation and disturb their detachment by giving rise to vapor-recoil force [9] ; • An influence of the repulsive electromagnetic force is reinforced by the addition of molecular gases such as O 2 , H 2 or CO 2 and would increase with concentration and dissociation energy of considered molecular additives [9] . Rhee [8] observed the metal transfer to be similar for helium and carbon dioxide. The arc column is not attached to the entire droplet, probably as a result of relatively high ionization energy of helium and additional energy required for dissociation in the case of carbon dioxide;
• Kim & Eagar [5] postulated the cathode jet force to be responsible for the repelling force (proportional to the square of the current in the case of Tungsten Inert Gas welding) and observed repelled metal transfer mode when helium and carbon dioxide were used as shielding gases.
On the other hand, in the case of CO 2 , the surface tension coefficient of the molten metal changes under influence of the chemically active gas (both oxygen and carbon decrease the surface tension coefficient for steel). Thus, in principle, it should be easier to obtain spray transfer, but the experiments show that it takes place only for small addition of CO 2 . Moreover, the transition current increases considerably with CO 2 concentration. The shielding gas effect on welding process is a phenomenon that is not well understood. Recently theoretical models have been developed which are able to predict details of droplet transfer in GMAW arcs for various plasma mixtures [6] so that experimental investigations giving details of properties as a function of different gas mixtures could give important data to validate these models.
The typical method to study the drop formation and transfer through the plasma column consists to use sufficiently intense laser radiation to illuminate the metal during the photo-records. But in this case, the plasma is hidden and it is impossible to obtain informations on the attachment of the plasma on the electrode or on the behavior of the arc column. In this work, we propose an original and simple method to observe both the drops formation at the tip of the electrode, the evolution of the plasma and the aspect of the conducting zone. Then, the arc shape was observed during the MIG-MAG welding for various relative concentrations of argon and carbon dioxide in the shielding gas mixtures.
Experimental procedures
The scheme of the experimental system is presented in Figures 1 and 3 . Its main part is the welding set SAFMIG [10] equipped with the SAFMIG 480 TR 16 kit [11] . The welding was performed under reversepolarity (wire-anode, workpiece-cathode) direct current. The wire-anode used in our experiments was a mild steel consumable electrode (AWS A5.17) with a diameter of 1.2 mm.
TRS PLUS
Three micrometric moving tables were used. The first table, driven by step motor, ensured the displacement of the mild steel metal plate in horizontal direction with the velocity of 4 mm/s. The second, a manually driven table, was used for adjusting plate position in the direction perpendicular to the previous one. The welding torch was fixed on the third table that could be displaced manually in vertical direction in order to adjust the arc length by modifying the distance between electrodes.
For this study, we used a mixture based on argon and carbon dioxide. Two mass flow-meters allowed measurement and control of gases flow. The measurements of voltage between the electrodes and arc current were carried out by a differential voltage probe and a current probe (Hall effect transducer). These electrical characteristics were stored using numerical oscilloscope LECROY LT584L.
The observation of the arc and the recordings of the pictures' sequences, were performed with fast camera FASTCOM MVS-135, equipped with photodiodes matrix (512 × 512 pixels). In this camera, the acquisition frequency and exposure time depend on the size of recorded images: to increase the speed of the camera one must decrease active surface of the photodiode matrix. A narrow bandwidth (3.5 nm full width at half maximum) interferential filter centered at 469.2 nm in front of the camera's objective was used to limit the light intensity and spectral bandwidth. In order to verify spectral composition of light recorded by the camera, we registered the spectrum of the light emitted from MIG-MAG welding arc with and without filter. This analysis was performed by using an Ebert spectrograph and PI-Max ROPPER SCIENTIFIC intensified gated camera with 512 × 512 pixels array.
The criterion generally admitted to distinguish globular regime and spray transfer mode, focuses on the formed drop size, which diameter is superior or inferior to that of the wire. Such a definition of the transfer mode is valid using pure argon or small admixtures of CO 2 since the drop is then approximately spherical. But for high contents of carbon dioxide in the shielding gas, the melted metal on the wire tip is generally far from being spherical (see Fig. 2d ) and the criterion is then unusable. A best criterion is rather the arc voltage, which aspect provides a supplementary indication on the transition between working regimes: succession of short-circuits in "short-arc" transfer (cf . Fig. 4a) ; not regular signals in "globular transfer" due to formations-detachments of large droplets (cf. Figs. 4b and 4d); and very stable signal with a high frequency component due to small droplet detachments in "spray-arc" (cf. Fig. 4c ). 
Experimental conditions
The power supply set was used in the constant current mode with the same configuration for all measurements, corresponding to the spray mode for the pure argon shielding gas. The wire diameter was fixed to 1.2 mm, and the wire feed rate V f was adjusted to maintain the arc length. The distance between the contact-tube and the metal plate was set to 20 mm. The thickness of the workpiece was 8 mm for all measurements. The chemical compositions of the wire material and metal plate are given in Table 1 .
For the described experiments, shielding gases used were pure argon and various mixtures of argon and carbon dioxide (in the range 0.8 to 15.4% vol CO 2 ) with total flow rate D g about 20 l/min. Typically, the used argon purity used was 99.99% (named Arcal 1), but a specific experiment was made with high purity argon (99.999%, named (Alphagaz 1).
In each welding processes the average welding current intensity I arc (for stable welding process without taking into account the arc initiation time) was chosen in the range [200 A, 410 A], and especially about 330 A with wire feed rate fixed to 9 m/min that corresponds to the spray mode for the pure argon shielding gas. On the other hand, for given arc current, the average value of the voltage changed depending on composition of gas mixture: for example, for pure argon with I arc ≈ 330 A, it was of 36 V; under the same current and for the mixture with 0.8% vol CO 2 : 32.7 V and increased until to 40.4 V for the mixture with 15.4% vol CO 2 (Fig. 5) .
The camera was operated at the frequency of 157.2 pictures/sec (6.4 ms between two pictures), according to an active size of the photodiode matrix of 120 × 120 pixels. All observations were carried out with blue interference filter that eliminates majority of light. The spectrum of the light emitted from the central region of the MIG welding arc (spectral range 458-478 nm) was registered without and with the interferential filter in the front of the slit of spectrograph. The results for MIG welding process (pure argon shielding gas) with current about 330 A are displayed in Figure 6 . On this diagram we can identify only metallic spectral lines of FeI, FeII, MnI, CrI, CuI. Argon lines are very weak in this spectral range and they are completely covered by metallic ones. It follows that using a narrow bandwidth filter in front of the objective of the camera we can visualize the arc region where light emitted by metallic lines is intense.
Results

Spectroscopic study (I arc
The observed spectral lines shape is the result of different processes but for the welding arc center, the Stark effect due to electron impact is the predominant mechanism of the lines broadening. Stark widths and shifts of the spectral lines depends on the electrons density and the plasma temperature [12] and generally, for the metallic lines, increase with the number of free electrons [13] .
Under specific conditions, these spectral lines can be used to determine the temperature and the electron density in plasma without assumption on its equilibrium state. It would be also interesting to be able to measure the proportion of metal vapors in each point of the column. The traditional methods of optical emission spectroscopy usable for that, are then based on the assumption of local thermodynamic equilibrium which must be checked in each point of measurement. However the plasma column, on the one hand is highly inhomogenous and non stationary, and on the other hand is crossed in its center by molten metal drops: its diagnosis is difficult and leaves the framework of this study, but one will be able to find some information in [14] .
Simultaneously, the interferential filter permits to isolate also a narrow band of the continuum radiation of the arc plasma, which is proportional to the square of the free electrons density N 2 e . It is then possible to visualize the zone of passage of the arc current, and thus the form of the current lines depending on the type of the shielding gas. The comparison between one image registered by the camera and the emission spectrum of the welding arc is presented in the Figure 7 . Both measurements were made with the same welding conditions and pure argon shielding gas. Using optical emission spectroscopy, we have verified that the most intense zone is comparable with the dimension of the region where electrons density is important [15] .
Influence of CO 2 concentration
The observations carried out show that the type of gas has a significant influence on the plasma column shape (Figs. 8-10 ).
In the case of pure argon and with small admixtures of CO 2 (Figs. 8, 9 ) the arc column shape is similar to that observed in the case of the spray-arc mode of metal transfer [16] . The well limited and luminous central core containing vaporised electrode material (Fe, Mn, Cr, Cu spectral lines were observed) is surrounded by a more diffuse and much lower luminous plasma zone where argon spectral lines were observed. Then the arc is very stable, what ensures great effectiveness and good quality of welding. These observations are consistent with the one described by Lancaster [1] . The end of the wire was tapered and completely surrounded by the arc, in accordance with description of this mode of molten metal transfer presented in other articles [1, 5, 17, 18] . According to the observations of Rhee [8] , the break-up stream length becomes shorter and the size of the droplets increases with CO 2 concentrations.
On the other hand, the arc voltage decreases abruptly when only 0.8% vol CO 2 is added (Fig. 5) . The difference between the arc voltage for pure argon shielding gas and for small CO 2 concentration (less than 3% vol ) is up to 3 V what suggests a drop of plasma resistance. Higher CO 2 concentration in argon shielding gas results in gradual increase of the arc voltage and, subsequently welding resistance in the arc and arc energy.
Progressive addition of carbon dioxide (of 0.8% vol to 1.5% vol CO 2 ) causes an unimportant lengthening of the arc (Fig. 8) , which for a constant wire feed rate, seems to indicate an acceleration of melting of the wire: the presence of carbon dioxide decreases the surface tension of molten metal [20, 21] and facilitates the drop detachment.
Above 9% vol of CO 2 in the shielding gas (Fig. 10 ) the arc loses stability and produces sputter and intensive fume formation. Then we can clearly observe detachment of droplets. The arc shape is significantly modified (longer and more diffuse) when the percentage of CO 2 exceeds 12% vol in the shielding gas. The molten metal transfer completely changed: large droplets are formed at the end of the electrode as a result of the transition to a new transfer mode. The same phenomenon was observed by using highpurity argon: the arc voltage decreases brutally with addition of small quantities of carbon dioxide, and then increases with the proportion of CO 2 in the shielding gas to reach 45.4 V in the case of the mixture with 50.0% vol of CO 2 (Fig. 5) . Nevertheless, the measured tensions are lower than with Arcal 1 like carrying gas, all others conditions being equal: that shows clearly importance of the gas purity on the welding process.
In particular, the observed transition in Arcal 1 for one gas composition ranging between 11.7% vol and 12.3% vol of CO 2 , appears only beyond 12.3% vol of CO 2 under working with argon high-purity (Alphagaz 1). In the latter case, for identical operating conditions, we can observe on the diagram the two possibilities of metal transfer: the first for an arc voltage of 36.9 V corresponds to "cone" shape of the column and a spray transfer mode (see Fig. 11a ), and the second for 38.3 V correspond to globular transfer mode with a "bell" shape of the plasma column (Fig. 11b) . This difference of the current parameters as well as the arc form is important and shows the instability of the welding process with this type of gas mixture.
Influence of arc current
The evolution of the arc voltage according to the CO 2 rate in the shielding gas, was measured for various values of the arc current (cf. Fig. 12 ). These measurements were correlated with the cinematographic records and the temporal analysis of the arc current to determine the modes of metal transfer in the arc column (cf. Fig. 13 ).
We can note that, for a given CO 2 rate, the arc voltage increases almost systematically with the arc current. In addition, for a given current, the progressive addition of carbon dioxide in the gas, generates a drop of the arc voltage, and then its regular increase:
-for arc currents of 200 A and 240 A, this trend is weak. The transfer is then always globular, either when working with pure argon or with argon-CO 2 mixtures. The evolution is similar for I arc = 280 A: in this case the spray-to-globular transition is close to the pure argon operation; -for currents ranging between 300 A and 380 A, the phenomenon becomes well visible, with a very marked voltage drop as soon as small quantities of carbon dioxide are added in the shielding gas. Under these conditions, the spray-to-globular transitions are observed to 7,7% vol , 10% vol , 12,3% vol and 13.5% vol of CO 2 for respectively 300 A, 330 A, 360 A and 380 A: we can note that these CO 2 rates correspond to those for which the arc voltage takes again its value in pure Argon! -the behavior of the arc voltage with I arc = 410 A, is different from the precedent. The metal transfer is then in spray mode on all the range of study, the transition to the globular mode being observed only for 17% vol of CO 2 .
In Figure 14 , the squares ( ) give the transition current between the spray and globular modes according to the CO 2 rate in the shielding gas. By polynomial extrapolation of these data, the transition under pure carbon dioxide would occur for currents about 3400 A, which is in agreement with the generally allowed value of 3000 A, but out of the accessible range of the power supply. We placed on the same graph (lozenges -), the CO 2 rates for which, at a given current, the arc voltage reaches its value in pure argon: it seems that there is a strong correlation between this rate and the spray-to-globular transition...
To try to explained this specific behavior, we must identify the different voltage drops in the process (cf. Fig. 15 ): the first is due to the contact resistance R contact between wire and contact-tube; the second R free wire corresponds to the free part of the wire-anode; the third is the voltage drop in the arc column, including the cathodic and anodic voltage drops; lastly, it is also necessary to take into account a possible modification of the anode surface which can modify the passage of the current in the arc.
-For the low CO 2 rates (<5% vol ), the variation of arc length is weak. On the other hand, the vaporization of the electrode strongly changes the plasma composition by increasing its electric conductivity because of the presence of an important proportion of metallic vapors in the central part of the arc column; the tension of arc decreases then strongly. -The progressive increase in the CO 2 rate in the shielding gas produces the formation of an insulating layer on the drop surface of which thickness (and thus electric resistance R wire−arc ) increases with the CO 2 admixture for given arc current, but decreases when the arc current increases at given CO 2 rate [24] . This insulating layer thus leads to an increase in the arc voltage proportional to its thickness, without notable lengthening of the arc column. -The electric conductivity of the wire is higher than that of plasma: an arc lengthening with constant distance between the contact-tube and the metal plate, results in an increase in the total voltage. The CO 2 addition causes an increase in the arc temperature [14] and a faster fusion of the electrode. It results from it, for given current and wire feed rate, a lengthening of the arc and an increase of arc voltage all the more because the CO 2 rate is high.
The passage of the arc voltage by its value under pure argon, means that the insulating gangue constitutes a sufficiently important barrier so that the effect of CO 2 on the plasma conductivity is compensated. Such a gangue is thus also sufficient to disturb the passage of the current; so that the transfer mode becomes globular.
Conclusion
We have proposed one method for welding arc visualization using a fast camera and narrow bandwidth interference filter to limit the light intensity. All measurements were carried out with the same experimental arrangements. The observations of the arc shape during MIG-MAG welding process have been carried on at the same welding current intensity (330 A) for 15 different gas mixtures between pure argon and Ar + 15.4% vol CO 2 ). The experimental results show that, under our assumed conditions:
• The classification of the transfer modes of metal generally used for the description of MIG-MAG process, based on the comparison of the diameter of the molten metal drops and the electrode, is not applicable in the same way for a pure argon plasma and with high admixtures of CO 2 in the shielding gas, when the shape of the drop is not spherical any more. The analysis of the arc current and voltage are more representative criteria.
• The shape of welding arc strongly depends on CO 2 concentration in the Ar shielding gas: for small relative concentrations, the arc column shape corresponds to the one observed in the case of the spray-arc transfer mode, but the metal transfer is highly modified when the percentage of CO 2 exceeds 12% vol .
• In opposition to what is suggested in literature [3] , we cannot affirm on the basis of our observations, that arc constriction close to the anode attachment, is more important for high CO 2 proportions in the shielding gas. In reality, it is difficult to compare the type of attachment in both observed cases (arc column shapes in "cone" or "bell"): with small admixture of CO 2 , the drops and the lengthened part of the wire are clearly completely surrounded by the arc; On the other hand, when the proportion of CO 2 in shielding gas increases, the drops are attached in very different way: the most luminous zone is located around the drop, but is not clearly delimited and it becomes difficult to affirm that it corresponds truly to the conduction zone.
• CO 2 as an admixture to Ar shielding gas change current-voltage characteristics of the welding arc: small additions of this gas change the arc shape only in minor way but lead to a significant decrease of arc voltage. Next the arc voltage increases with the CO 2 relative concentration in the shielding gas, what might result from the increase of arc resistance, energy and its length as well (visible for larger carbon dioxide quantity in Fig. 10 ).
• The difference between the arc voltage in pure argon and with small admixtures of carbon dioxide (<3% vol ) can be explained by an increase of plasma conductivity due to higher quantity of easily ionizable metal vapors (the energy of ionization of iron is of 7.9 eV, and that of the manganese of 7.4 eV) in plasma generated by the increase of electrodes vaporization with the addition of oxidizing elements in the plasma-producing gas. Furthermore, Kimpel [22] explains the improvement of the arc stability accompanying one weak addition of oxidizing gas, by a reduction of the cathode's work function in the region where oxide coatings are present.
• According to the experimental results of Rhee [23] , the value of the transition current between globular and spray modes, increases with the quantity of CO 2 in the shielding gas, until the transition becomes impossible, at least with the currents provided by the used power supply. We have given for the specific case of mild steel consumable electrode (AWS A5.17) with a diameter of 1.2 mm, different curves linking the value of transition current, proportion of CO 2 in the shielding gas and arc voltage in pure argon.
Hajossy and Morva [19] did not note a significant variation of relative contributions of the cathode and anode falls to the total voltage variation in the arcs with fusible electrodes of mild steel in flowing argon and CO 2 . Therefore the observed effects could be essentially linked to a modification of plasma properties. So, to continue this study, this work must be followed by a detailed spectroscopic study in order to obtain temperature and population number densities of the main species (electrons, metallic atoms. . . ) in the plasma column for various feed gas compositions [14] and estimate the electrical conductivity of the plasma. A correlation will have to be made between the results of the present paper and the future data performed by spectroscopy.
The microstructural modifications of the anode tip during the MIG-MAG welding process as a function of the gas composition, must be also taken into account. These measurements are currently investigated using SEM (Scanning Electron Microscopy) analysis [24] .
